Biomarkers play a vital role in disease detection and treatment follow-up. It is important to note that diseases in the early stage are typically treated with the greatest probability of success. However, due to various technical difficulties in current technologies for the detection of biomarkers, the potential of biomarkers is not explored completely. Therefore, the developments of technologies, which can enable the accurate detection of prostate cancer at an early stage with simple, experimental protocols are highly inevitable. This critical review evaluates the current methods and technologies used in the detection of biomarkers. The aim of this article is to provide a comprehensive review covering the advantages and disadvantages of the biomarker detection methods. Future directions for the development of technologies to achieve highly selective and sensitive detection of biomarkers for point-of-care applications are also commented on.
Introduction
Biomarkers play a vital role in disease detection and treatment follow-up. The detection of the biomarkers in body fluids such as blood and urine is a powerful medical tool for early diagnosis and treatment of diseases. 1 However, due to various techni-cal difficulties in current technologies for the detection of biomarkers, the potential of biomarkers is not explored completely. 2 The biomarkers are often present at very low concentrations mixed with various other proteins which makes it more difficult to identify them. In many cases detection of biomarkers at a very low concentration is difficult and timeconsuming. It is important to note that the diseases in the early stage are typically treated with the greatest probability of success. Therefore, the early detection of biomarkers is very important in the case of cancer, cardiovascular disorders, and other pathological conditions. 3, 4 Satish Balasaheb Nimse There are a variety of bio-molecules which are used as biomarkers including antigens, DNA, mRNA, and enzymes. 5 However, protein biomarkers are the most common type of biomarkers used in medical diagnostics. Therefore this article is focused on the use of antigens as biomarkers and their detection technologies. Biomarkers are present in tumour tissues, serum, and other body fluids. The ultimate goal of researchers in the field of biomarker detection is to develop a reliable, costeffective, powerful detection tool for prognosis, diagnosis, and monitoring the recurrence of a particular disease. Furthermore, biomarkers can also be used for the follow-up of a treatment by monitoring the constant decrease in its concentration to a certain level. There has been huge progress in the field of biomarker detection technologies. Various biomarker detection methods based on highly specific recognition biomarkers have been developed. The enzyme-linked immunosorbent assay (ELISA), 6, 7 gel electrophoresis, 8, 9 surface plasmon resonance (SPR), 10, 11 Mass-sensing BioCD protein array, 12 surface enhanced Raman spectroscopy (SERS), 13, 14 colorimetric assay, 15, 16 electrochemical assay, 17, 18 and fluorescence methods, 19, 20 are few of the biomarker detection methods. Many of these methods are based on the conventional immunoassays in which a capture antibody is functionalized on a solid support for target capture and a reporter antibody for assay read-out. These technologies suffer from a common drawback of nonspecific adsorption of non-target proteins onto the surface of a bio-sensor. 21 Therefore, most of the current methods suffer from drawbacks such as the lack of accuracy, sensitivity, and specificity required for clinical diagnostic applications.
Considering the enormous number of antigens used for the diagnosis of various diseases and disorders it is impractical to review all of them. Furthermore, even though the antigens have different sizes, shapes, and stability profiles the technologies used for their detection are common. Therefore, in this article we have focused on the technologies and methods used for the detection of biomarkers for the diagnosis of prostate cancer (PCa).
It is evident from many observations that the recurrence rate of cancer is very high in patients after radical prostactomy. 22 The PSA levels 4 ng mL −1 and lower are considered as normal. After radical prostactomy these levels drop much below 1 ng mL −1 , however in recurring cancer the level of PSA starts to increase again. Therefore, for accurate diagnosis and treatment follow-up it is essential for a biomarker detection technology to allow the detection of a concerned biomarker at a very low concentration such as far below 100 pg mL −1 .
The aim of this article is to provide a comprehensive review covering the advantages and disadvantages of the detection methods of PCa biomarkers. This article also elaborates the latest developments in achieving high selectivity and sensitivity for the detection of biomarkers which can be used in the early detection of the PCa biomarkers. The problems and solutions for the early detection of the PCa biomarkers is also discussed based on some of the recent examples from our own work and the reports found in the literature. It is hoped that this article will stimulate broader interests across various disciplines for the development of biomarker detection technologies.
Technologies used for the detection of biomarkers
The ultimate goal behind the use of biomarkers for diagnosis is to develop reliable and cost-effective powerful detection tools for early diagnosis of diseases and disorders. Therefore, by using biomarker detection technologies, physicians can choose precise and accurate therapy for their patients. 23, 24 Furthermore, it can help physicians to effectively monitor the disease progression, and recurrence. 25 There are several reports on the various biomarkers evaluated for their diagnostic and prognostic values in the PCa diagnosis. The biomarker genes evaluated for diagnosis of PCa includes the prostate cancer antigen 3 (PCA3) gene 26, 27 transmembrane protease serine 2 (TMPRSS2-ERG) gene. 28 The biomarker proteins evaluated for the diagnosis of PCa include early prostate cancer antigen-2 (EPCA-2), human glandular kallikrein (hK2), cluster of differentiation 147 (CD 147), prostatic acid phosphatase (PAP), and prostate specific antigen (PSA), respectively. There are two types of PSA, a free PSA (fPSA) and total PSA (tPSA). 29 The structures of few biomarker proteins are depicted in Fig. 1 .
PCA3 is considered as a PCa-specific gene, which is overexpressed in prostate tumours relative to non-malignant prostate tissue. 30 PCA3 showed a very low diagnostic accuracy with the sensitivity and specificity of 58% and 72%, respectively. 31 However, several studies have demonstrated that the simultaneous detection of PCA3 along with the PSA can improve the diagnostic accuracy in multivariable regression models. 32, 33 The involvement of the TMPRSS2 gene in PCa has been widely studied. 34 In a clinical study of PCa patients, the test results showed 93% specificity with a 94% predictive value. 35 However, during the same period some other studies found conflictive results about the prognostic value of the TMPRSS2 gene in fusion positive patients. 36, 37 Therefore, further studies to evaluate the diagnostic and prognostic values of the TMPRSS2 gene are required.
It is important to note that the genetic biomarkers such as DNA and RNA are essential when the genotypic information is required such as in the detection and discrimination of pathogens. Even though the genetic biomarkers have been perused for the detection of PCa, more importance has been given to the protein biomarkers. Furthermore, the DNA extraction and processing is considered as laborious and costly. On the contrary, proteins present in serum samples can be easily assessed by immunohistochemistry, which makes them easily applicable in routine diagnostics. Hence, technologies applied for the detection of protein biomarkers have been primarily explored in this article.
EPCA, a nuclear matrix protein was initially considered as a good candidate for PCa detection. However, the role of EPCA in the prostate adenocarcinoma and BPH reduces its prognos-tic value for PCa. 38 It is reported that the hK2 and PSA are closely related serine proteases and they have 80% sequence homology. 39 The concentration of hK2 in circulation is around 1-2% (<100 pg mL −1 ) to that of PSA. 40 Unfortunately, the biomarker detection technology which can detect the concentrations below 100 pg mL −1 is not available. Hence, hk2 was not explored for its diagnostic and prognostic values in PCa. CD147, a membrane glycoprotein is overexpressed in solid tumours. Though it is related to PCa it has a poor prognostic value. 41, 42 The human PAP was the first serum biomarker used for the diagnosis of PCa. The preoperative PAP levels were used to evaluate the lymph node-positive disease and the development of metastasis. However, after the induction of PSA for the diagnosis of PCa, it was found that the PSA is superior to PAP in PCa screening, staging, and prognosis. 43 In 1994, USFDA approved the use of PSA (defined upper limit 4 ng mL −1 ) as the diagnostic marker for PCa. 44 The diagnosis of PCa has relied heavily on the use of PSA for over 20 years. However, due to the recent reports on the randomized PCa-screening trials 45, 46 and highly controversial recommendation against the PCa screening released by the United States Preventive Services Task Force (USPSTF) has highlighted the need for novel clinically useful biomarkers. 47 In the recent review article on the PCa biomarkers in serum, urine, and tissue it is stated that none of the biomarkers can take the place of PSA. 48 Furthermore, this review article also claims that no individual biomarker is ideal for diagnostic and prognostic values. Thus, discovery of novel biomarkers and their validation are needed. Therefore, the development of technologies, which can detect multiple biomarker proteins with high accuracy in terms of clinical sensitivity and specificity is highly inevitable. The multiplex detection of protein biomarkers promises a new, personalized approach to early detection and treatment follow-up in diseases like cancer.
There are several immunoassays used for the detection of biomarkers in serum and biological fluids. Antibodies bind non-covalently to the antigen epitopes through non-covalent interactions such as hydrogen bonds, electrostatic bonds, van der Waals forces, and hydrophobic interactions. These interactions are reversible and affect the strength of the binding between antibodies and antigens. In immunoassays, antibodies that bind directly to the specific antigen are called as primary antibodies (pABs). The secondary antibodies (sABs) can also bind to epitopes of the antigen other than those used for binding with the pAB. The sABs are useful in immunoassays because they are usually conjugated or labelled with enzymes and are used as detection antibodies to determine the extent of binding of antigen to pAB. Immunoassays can be highly sensitive and specific, depending on the binding specificity of the pABs and sABs to the antigens which are used as biomarkers. Therefore, the sensitivity and specificity of any immunoassay depends on the active conformation of the pAB and sAB. The slightest distortion in the active confirmations of the pAB or sAB shows adverse effects on the sensitivity and specificity of the immunoassay. 49 Henceforth, the advantages and disadvantages of the various immunoassays are briefly discussed. 
Two dimensional gel electrophoresis
Gel electrophoresis is usually used for separation of proteins based on their molecular weights. 50 In 1975, O'Farrel used two unrelated properties of protein for its separation i.e. molar mass and the isoelectric point. The proteins can be separated from the sample by one dimensional (1D) gel electrophoresis or two dimensional (2D) gel electrophoresis based on the isoelectric point and molar mass of respective proteins. 51, 52 Keeping in mind the advantage of the fPSA/tPSA ratio for diagnosis of PCa, 2D gel electrophoresis was developed which could separate 15 different sub-forms of fPSA. It is known that the decrease in the fPSA/tPSA ratio is closely associated with the chances of increase in PCa. Using this technique the fPSA concentration is measurable up to 100 pg mL −1 . The disadvantages of 2D gel electrophoresis are the requirement of a large amount of samples, small dynamic range of detection, and a tedious multistep protocol. 53, 54 The reproducibility of the results is also questionable and highly dependent on the quality of the buffer used.
Enzyme-linked immunosorbent assay (ELISA)
ELISA typically employs antibodies that are raised in animals directed against specific biomarkers. As shown in Fig. 2 and 3 , a specific epitope of antigens bind to the pABs immobilized on the solid surface. The enzyme linked sAB binds to the other epitopes to form a sandwich like complex. The binding of the antigen and pAB is detected using an activity of enzyme which changes the substrate into a coloured product. ELISAs are useful methods in detecting and quantifying biomarker proteins in serum and biological fluids.
The intensity of the colour is directly proportional to the amount of enzyme linked antibody and so the amount of antigen bound to the immobilized pABs. The 100 pg mL −1 of PSA detection by using an ELISA assay has been reported. 59 However, there are reports which elaborate the limitations of ELISA for the detection of biomarkers with concentrations as low as 1 pg mL −1 . 60 There are several enzyme-substrate pairs which have been effectively used in the ELISA assays as shown in Table 1 . Even though various enzyme-substrate pairs have been used in the ELISA assays, the sensitivity of the assays is directly correlated to the highly sensitive and specific binding of the immobilized pAB, concerned antigen, and sAB.
Concerns over the binding capacity of sAB for antigen due to its direct conjugation with the large enzyme ( Fig. 2 ) have led to the development of a new approach. Wherein, a streptavidin-biotin complex was used as a bridge between the enzyme and the sAB. Biotin is a small molecule, thus labelling of the sAB with the biotin does not show any significant change in the shape of sAB. Thus, sAB can retain its specificity for the antigen. 61 As shown in Fig. 3 the streptavidin and biotin combination is commonly used in the ELISA assays for highly sensitive biomarker detection. 62 The specificity of the ELISA based methods is a big concern because the specificity of the assay depends on the immobilization chemistry used to attach the pABs to the surface. 63, 64 Table 2 lists a few methods used for immobilization of pABs. The disadvantages of covalent linkage include reduced activity of proteins, need of toxic reagents for immobilization, and complicated chemistry. 65, 66 As shown in Fig. 4 , the main problem of direct immobilization of proteins on the surface is the loss of activity of pABs over a period of time leading to non-specific interactions.
Mass-sensing BioCD protein array
Absorbance based ELISA technique suffers from variations in the result with respect to the change in pH, buffer, and the presence of alkali. 67 To overcome these drawbacks a novel technique called mass-sensing BioCD protein array was developed. 68 As depicted in Fig. 5 , the mass-sensing BioCD instru-ment converts the mass of a protein on SiO 2 /Si wafer into the reflectance variation via the local interferometry which finally calculates the protein concentration. The reported PSA detection limit using this method is 4 ng mL −1 . 69 A special instrument like a spinning disk has been used to decrease the background noise. Matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) are the common methods of ionization. Protein identification by tandem mass spectroscopy is a valuable part of bioinformatics and can play an important role in clinical applications if the instrument is miniaturized. 70 BioCD technology was applied to sandwich ELISA using capture and detection antibodies. Therefore, the mass of the whole complex is correlated to the amount of PSA antigen present in the sample. The SiO 2 is very economical and well known for its use in immobilization techniques. However, the use of butaraldehyde based silanol improves the PSA detectability of the device. 71 In this modified method, the aldehyde group of the butaraldehyde moiety reacts with the antibodies and the hydroxyl group of silanol reacts with the silica surface to form Si-O-Si in the process of immobilization of pABs on the surface. The major disadvantage of the BioCD technology is its low specificity to detect target proteins in the presence of other proteins such as in serum samples.
The use of mass spectroscopy for biomarker detection by using biotin labeled antibodies has been reported. 79 However, the disadvantage of this method is its inability to differentiate between unlabeled and labeled proteins. To overcome the disadvantage of non-specificity, the streptavidin labeled magnetic beads are also used. 80, 81 Mass based protein detection is complicated for routine analysis and it is an expensive technique for regular clinical diagnosis. 82 
Electrochemical immunoassay
In general the serum samples are turbid and viscous in nature. Purification of serum samples is a tedious process and it also obstructs the superior detection of proteins. 83 Electrochemical immunoassay works well in the detection of opaque and optically dense material. 84 In an electrochemical immunoassay, the detection of free PSA (fPSA) is performed by measuring the electric current with the help of a three electrode sensor, 85 which measures the amount of electrons needed to re-reduce the TMB substrate, as shown in Fig. 6 . The basic PSA detection experimental procedure follows the sandwich ELISA protocol, in which the pABs are immobilized on the magnetic beads. As depicted in Fig. 6 , the magnetic bead coated anti-PSA antibodies are allowed to react with PSA followed by horseradish peroxidase (HRP) conjugated sAB to form a bioconjugate complex of magnetic bead-pAB-antigen-HRP labeled sAB. The complex is then separated with the help of a neodymium magnet. Once the excess of antigen and antibodies are washed, TMB (enzyme substrate) in the presence of H 2 O 2 is added. HRP oxidizes the substrate and transfers electrons to H 2 O 2 . The oxidized TMB substrate is reduced with the help of a suitably poised electrode and the amount of current generated is used to determine the concentration of PSA. The reported detection limit of this method is below 100 pg mL −1 and no cross linking polymer is required as compared to the standard ELISA procedure. The drawback of this method is the nonlinearity in the results. 86, 87 The signal intensity increases with the increase in the TMB concentration, however it reaches a plateau for 50% and higher concentrations of TMB in solution. 88, 89 Recently, a method for label-free electrochemical detection of PSA based on the nucleic acid aptamer has been reported. 90 As shown in Fig. 7 , the binding of PSA with the immobilized aptamer results in the decrease in current (signal-off ), which is measured by square wave voltammetry. Using this technique the PSA with the concentration in the dynamic range of 1 ng mL −1 to 1 μg mL −1 can be easily detected. The advantage of this method is that it uses a reagentless and label-free electrochemical biosensor based on a DNA aptamer. The DNA aptamer can detect PSA with very high specificity. The detection limit of this method is 1 ng mL −1 . This detection limit is enough for the diagnosis of PCa but it is not suitable for the direct clinical application of this method in the prognosis and follow-up of treatment.
Gold nanoparticles (AuNPs) are reported to have distinct physical and chemical properties that make them excellent platforms for various biological and chemical applications. 91 AuNPs have been successfully used as the surfaces for the immobilization of proteins in the development of the electrochemical biosensors. 92 However, other surfaces which have electrochemical properties are also used to obtain electrochemical biosensors.
As shown in Fig. 8 , an AuNP platform combined with a multiple-enzyme labeled sAB-magnetic bead bioconjugate was used for the ultrasensitive detection of PSA in serum samples. 93 The signal amplification was achieved by using synthesized magnetic bioconjugate particles containing 7500 HRP labels along with the sAB attached to 1 μm magnetic beads. This method allowed the detection of PSA with the detection limit of 0.5 pg mL −1 in only 10 μL of an undiluted serum sample. Fig. 7 Working principle for the "off-on" detection of PSA using an aptamer capture probe, followed by hybridization with a complementary sequence (adapted from Biosens. Bioelectron., 2015, 15, 68, 49-54). In another method, an organic electrochemical transistor based on poly(styrenesulfonate) doped poly(3,4-ethylenedioxythiophene) (PEDOT-PSS) and AuNP labeled with pAb allowed the detection of PSA at concentrations of 1 pg mL −1 . 94 However, it has been reported that the use of platinum nanoparticles labeled with Ab and the hydrogen evolution reaction in an electrochemiluminescence technique allows an incredibly low detection limit for PSA of 1 fg mL −1 . 95 The detection limits of 2.5 fg mL −1 and 1.2 fg mL −1 using electrochemiluminescence techniques have been reported independently. 96, 97 
Surface enhanced Raman spectroscopy (SERS)
SERS is an ultrasensitive vibrational spectroscopic technique, which can be used to detect biomarker proteins on or near the surface of plasmonic nanostructures. 98 In SERS the scattering cross-sections for molecules immobilized on the metallic nanostructure are very important for its effective applications in biochemical studies, clinical diagnoses, and environmental monitoring. 99 Therefore, the success of SERS depends on the metallic nanostructures and the immobilization of antibodies on the metallic nanostructures. Recent advances in SERS have led to the design of novel nanoprobes which are called as SERS tags.
The SERS tags are the combination of metallic nanoparticles and highly specific organic Raman reporter molecules. The SERS-active nanoprobes produce strong, characteristic Raman signals and can be used to detect biomarkers using laser Raman spectrometry or SERS microscopy.
A sandwich immunoassay format, as shown in Fig. 9 , was further developed for the quantitative detection of biomarkers by using Raman labelled nanoparticles. 100, 101 A substrate coated with pAB is consecutively exposed to a solution containing different concentrations of biomarkers and sAB labelled nanoparticles. The amount of captured biomarkers is reflected in the SERS signals. The reported detection limit for fPSA by this technique is 1 pg mL −1 in human serum. [102] [103] [104] In another sandwich type SERS immunoassay 105 used for the detection of PSA as depicted in Fig. 10 , pABs were immobilized on the gold substrates prepared by making the monolayer of AuNPs on the 3-aminopropyltrimethoxysilane (APTMS) derivatized surface of a glass slide. In this immunoassay a sandwich type complex between the immobilized pAB, PSA, and sABs conjugated with the Raman reporter (5,5′-dithiobis(succinimidyl-2-nitrobenzoate coated AuNPs with rhodamine 6G)) is allowed to form. A strong SERS spectrum of the Raman reporter can be observed only in the presence of PSA. Thereby, PSA at varying concentrations was successfully detected. The reported detection limit of this method is 1 pg mL −1 .
Despite tremendous interest in developing SERS tags, research in this area has fallen behind that of other nanoprobes such as QDs and dye-doped nanobeads. 106 The reported developments in SERS so far have attempted to demonstrate a proof-of concept about SERS tags. However, in the near future, advances in SERS should be made such that it could be applicable for routine clinical detection of biomarkers in clinical samples. For the direct clinical applicability of SERS it is necessary to overcome the drawbacks such as the need of expensive instrumentation, lack of deeper understanding of mechanisms and fundamental principles of SERS.
Fluorescence based detection
Among the optical detection methods, fluorescence detection has been most widely used in biological applications. The fluo- rescence based detection of biomarker proteins uses a simple quantification process, easy detection of large-scale samples, and comparatively easy labelling of biomolecules with fluorescent tags. 107, 108 The fluorescent labelled sAB's are used for the quantification of the antigens in the samples. Moreover, the signal amplification is performed by using fluorescent nanobeads instead of fluorescent molecules. The fluorescent nanobeads are prepared by entrapping fluorescent dyes inside the microbeads composed polystyrene. Then these fluorescent beads are conjugated with the sABs, which can form a sandwich type biomolecular complex with the antigen and immobilized pAB. There are several methods in use for the fluorescence based detection of the PSA. 109,110 2.6.1 Flow cytometry. Recently, the concurrent detection of fPSA and tPSA has been reported as the need for accurate diagnosis of PCa. It is said that measurement of fPSA can differentiate between BPH and PCa. Luminex Corporation, one of the pioneers in bead based detection of biomarkers, developed a technology which uses polystyrene beads containing infra-red dyes of different combinations. 111 It is claimed that around 100-500 biomarkers can be detected at a time with very high sensitivity in a wide dynamic range. 112 As shown in Fig. 11 the Luminex assay uses two different anti-PSA monoclonal antibodies 5G6 and 8A6 as pABs for fPSA and tPSA, respectively. Another anti-PSA monoclonal antibody (5A6) is used as a sAB in the same assay. However, both of the 5G6 and 8A6 can bind to 5A6. The antibodies (5G6 and 8A6) are covalently coupled to two different types of beads for the analysis of fPSA and tPSA, respectively. The capture of any kind of PSA is detected by using a phycoerythrin labelled 5A6, which is a sAB. The detection tPSA is based on its capture by the 5G6 antibody and simultaneous formation of a bio-conjugate complex with the reporter 5A6 antibody. Similarly the detection of fPSA is performed by formation of its bioconjugate complex with the 8A6 antibody and reporter antibody. After incubation, the samples are analysed by using a BioPlex reader. Hence, by this method both tPSA and fPSA can be simultaneously detected in one sample. The reported detection limits for tPSA and fPSA are 2.3 pg mL −1 and 1.3 pg mL −1 , respectively. 113 There are several reports on the use of a smartphone as a measurement device in the microfluidic diagnostic tests based on colorimetric immunoassays with a lower limit of detection of 3.2 ng ml −1 PSA in serum samples. 114 It is well accepted that the colorimetric detection is usually more cost-effective, easy-to-use, and rapid. 115 However, the fluorescence detection actually presents the higher sensitivity required for detection of biomarkers at ultralow concentrations.
More recently, a flexible smartphone based colorimetric and fluorescence detection system was reported for the detection of the PSA from whole blood. It is reported that the colorimetric detection takes only 13 min and the fluorescence detection takes about 22 min. 116 As depicted in Fig. 12 , a technology called as MCFPhone can detect PSA in the range of 0.9 to 60 ng ml −1 in a colorimetric assay and by using the fluorescence substrate the lower limit of detection was further improved from 0.4 to 0.08 ng mL −1 in whole blood samples.
2.6.2 Europium nanoparticle based detection. The sensitive and specific detection of biomarkers in the biological samples is very critical for any diagnostic platform. However, most of the reported immunoassays suffer to some extent from the common problem of background signals even in the absence of a biomarker in the sample. This limits the sensitivity, specificity, and the dynamic detection range of the immunoassays. To solve the problem of background signals, the use of lanthanide chelates for labelling of sABs has been proposed. The lanthanide chelates have exceptionally longlived luminescence in comparison with the conventional fluorophores. 117, 118 This enables the short lived background interferences to be removed via time gated acquisition resulting in the greater assay sensitivity and a broader dynamic range. 119 The gap between the absorbance and emission spectra of europium nanoparticles (EuNPs) allow them to compete with the traditional protein detection technologies. Europium shows the absorption maxima at 290 nm and emission from 610 to 620 nm with the emission maxima at 615 nm. Even though europium has a very narrow bandwidth of 10 nm, it has a very long luminescence lifetime of 600 to 1000 μs. Furthermore, it is relatively non-toxic in comparison with other heavy metals. 120 The EuNPs containing a chelated Eu 3+ by 4,7-bis- (chlorosulfophenyl)-1,10-phenanthroline-2,9-dicarboxylic acid (BCPDA) have been reported for the detection of PSA.
It is well accepted that the sensitivity of fluorescence based assays can be improved by attaching many fluorescent groups to the labelled reagents. As shown in Fig. 13 the biotinylated 50-100 BCPDA molecules conjugated to polyvinylamine (PVA) can be used in the detection of PSA. This assay is based on the formation of a biomolecular complex between the immobilized pAB, PSA, biotinylated sAB, streptavidin and the biotinylated BCPDA-PVA adduct.
This technique allowed us to obtain the linear standard curve for PSA concentrations of 0.001-1 pg mL −1 . 121 Europium based time resolved fluorescence spectroscopy has attracted many researchers yielding the 0.38 pg mL −1 detection limit for PSA. Europium has the highest quantum yield and a narrow band. The only drawback of the direct europium based detection is the fluorescence quenching of europium in the presence of the water molecules. This drawback was easily solved by using the EuNP coated polystyrene which acts as a barrier to water molecules. Hence, as shown in Fig. 14 the use of streptavidin labelled EuNPs allow the detection of PSA with the detection limit of 1.6 pg mL −1 . 122 The major disadvantage of this method is non-specific binding leading to low clinical specificity of the assay.
2.6.3 Gold nanoparticle based detection. In recent years much focus has been on the use of AuNPs for their application in protein detection. [123] [124] [125] The lateral flow strip biosensors are widely used as a point-of-care detection system due to the advantage of the short detection time. [126] [127] [128] As shown in Fig. 15 , the PSA detection on membrane includes coating of pABs on the membrane in lines (f for fPSA, T for tPSA), the coating of IgG on the control line (C) and the sample loading port (S). The performance of the immunostrip depends on the formation of the respective sandwich complex between the pABs, respective antigens, and sAB-colloidal gold conjugate. 129 When the sample solution is loaded on the sample loading port it flows toward the other end by the capillary action. During this process the PSA antigen from the sample forms a complex with the sABs coated on the AuNPs. Then this complex binds to the respective pABs immobilized on the membrane allowing the detection of antigens. The quantification of the respective PSA (fPSA or TPSA) is performed by analysing the signal intensities. This technology is useful for simultaneous detection of fPSA and tPSA. The 1 ng mL −1 of the PSA is reported as a detection limit for this technology. 130 The major disadvantage of this method is the variation in the results with the variation in the ionic strength of the solution. The AuNPs also tend to aggregate in the solution containing a high concentration of ions.
2.6.4 Protein microarray. After their induction in 1983, 131 the protein microarrays have been widely accepted and innovated for the detection of biomarkers. As shown in Fig. 16 , the protein microarrays use the principle of ELISA, where the pABs are immobilized on the glass surface or on the surface of nitrocellulose membranes. As multiple pABs can be immobilized on a small area, the protein microarrays are useful in the simultaneous detection of multiple biomarkers.
The detection of biomarkers is based on the formation of the biomolecular complex between the immobilized pAB, respective antigen and the sAB labelled with the fluorescent dye. The quantification of the antigen in the sample is performed by analysing the fluorescence signal intensity. The protein microarray is advantageous in the sense that it requires a very small amount of the sample and reagents. 132, 133 Similar to ELISA, the issue of a non-specific interaction of the immobilized antibodies with other proteins remains a major drawback of the reported protein microarrays. 134 Though protein microarrays use a very simple experimental protocol, the sensitivity of such a method depends on the use of the particular chemistry for the immobilization of proteins on the surface. 135 The immobilization of the pAB self-assembled monolayer (SAM) of calix [4] crown-5 derivatives on the amine modified the glass slides allowed the detection of PSA with the detection limit of 1-10 fg mL −1 . 136, 137 The PSA screening tests are reported to have a significant correlation with 20% reduction in cancer mortality. However, due to the low specificity of the PSA assays, they lead to unnecessary and painful biopsies. 138, 139 Therefore, the requirement for additional PCa biomarkers is increasingly high. Recently, the protein microarray based immunoassay platform for sensitive and selective duplex detection of PSA and hK2 has been reported. The assay showed a detection limit less than 10 pg mL −1 and a dynamic range of 10 4 -10 5 orders of magnitude for each biomarker. 140 2.6.5 Quantum dot technology. Recent advances in semiconductor quantum dot (QD) chemistry provides an alternative approach for detection and quantification of biomarker proteins. 141, 142 The QD are usually tagged with sAB for the detection of particular antigens. Because of the photostability, tunable nature, and sensitivity of fluorescence, the QDs are preferred over organic dyes for detection of biomarkers. 143 As shown in Fig. 17 , the detection of PSA is performed by loading the mixture of a sample containing PSA, biotin labelled sAB and streptavidin labelled QD on the chip surface containing previously immobilized pAB. The biomolecular complex of pAB-PSA-sAB-biotin-streptavidin-QD is finally detected by fluorescence imaging.
The only disadvantage of the use of QD is that the surface defect of quantum dots can lead to a blinking effect and decrease the quantum yield resulting in the low sensitivity of the QD based assay. 144 Though the initial size of the QD is in nanometre, after bio-conjugation the QDs are found to form the aggregates of larger sizes. 145 The detection limit of a method which uses QD for the detection of PSA was reported to be 10 pg mL −1 . 146 As shown in Fig. 18 , a novel quantum dot conjugated immunosensor has been reported recently for the detection of PSA in seminal fluids. The displacement of quencher-labelled peptide analogues bound to antibodies labelled on the QD by PSA generate the fluorescence signal. This method can overcome many practical disadvantages associated with traditional lateral flow cartridge testing. The PSA solution employed in the analysis corresponds to dilution of about forty times the concentration of PSA found in human semen.
2.6.6 9G DNA technology. It is well known that direct immobilization of proteins on the surface suffers from drawbacks like the loss of activity of the immobilized proteins over a period of time, thus resulting in low sensitivity. 147 Hence, immobilization is one of the most important steps in protein detection due to the stability issues of proteins. 148 To date various immobilization methods have been reported, each with its own advantages and disadvantages. 149 The DNA directed immobilization (DDI) method as depicted in Fig. 19 is one of the well-known protein immobilization methods used for immobilization of proteins and thereby detection of biomarkers. In DDI, DNA conjugated proteins are immobilized on the chip through DNA-DNA hybridization to reduce the non-specific interactions which exist between proteins upon direct immobilization. Thus, the methods like DDI improve the stability of proteins, but the lengthy process limits the sensitivity of the method to 100 pg mL −1 . 150, 151 The only disadvantage of this method is that the immobilized proteins lose their activity over a period of time.
Recently, a DNA guided detection (DAGON) method based on 9G DNA technology [152] [153] [154] [155] [156] has been reported for highly sensitive detection of biomarkers such as PSA and C-reactive protein (CRP). 157 The major difference between the DAGON and other methods is that the antigen-antibody biomolecular complexes of pAB-DNA, antigen, and Cy5-sAB are allowed to form in the solution. As shown in Fig. 20 , the biomolecular complex of the Cy5-labeled sAB, PSA, and the pAB-DNA conjugate formed in the solution is site-specifically guided to the predestined area on the chip surface to hybridize with the oligonucleotide probes at room temperature. Therefore, the DAGON method can detect multiple antigens in the mixture of the proteins with concentrations of 1 pg mL −1 and 0.1 pg mL −1 without any signal amplification technique. The DAGON method shows 1000-fold improvement in the sensitivity as compared to the DDI. 158 A brief comparison of the methods used for the detection of PSA is summarized in Table 3 . As shown in Table 3 it is clear that each method has its own advantages and limitations. However, it is important to notice that in the current scenario the detection of PSA alone for the diagnosis of PCa is not enough. Therefore, a technology which can allow for sim- ultaneous detection of PSA and other biomarkers will be of prime importance.
Future directions for detection of PCa
There are three major methods adopted for treatment of PCa, the radical prostatectomy, radiation therapy, and chemo-therapy. 159, 160 It is well known that the half-life of serum PSA is three days. Therefore, PSA levels are most useful for monitoring patients with an established PCa or a residual disease after radical prostatectomy. 161, 162 Generally after 30 days of curative radical prostatectomy, the serum PSA level should decrease to less than 0.05 ng mL −1 as depicted in Fig. 21A . It is reported that if the PSA values fall to less than 0.05 ng mL −1 , 92% of patients remain disease free for up to 70 months. However, a residual PCa is suspected if post-operative PSA levels remain greater than 0.4 ng mL −1 . PSA is a very sensitive indicator of recurrence after radical prostatectomy. The levels begin to rise in 6 to 23 months (mean lead-time of 12 months) before there is any clinical evidence of the recurrence. The American Urological Association defines biochemical recurrence after prostatectomy as a PSA value of 0.2 ng mL −1 . It is recommended that this value should be confirmed by at least two different PSA measurements before concluding the recurrence of PCa.
The patients with PCa can be treated with radiation therapy for clinically localized cancer. It is important to notice that the PSA levels usually increase (1.2 times the baseline) immediately after beginning the radiation therapy as depicted in Fig. 21B . Following radiation therapy, the PSA level should sharply decrease to an undetectable level. The PSA values higher than 0.2 ng mL −1 are uncommon after external beam radiotherapy. A consistent rise in the PSA level above 0.2 ng mL −1 after radiation therapy usually indicates the cancer recurrence. 163, 164 A serial detection of PSA levels after chemotherapy, which includes luteinizing hormone releasing the hormone (LHRH) agonist, or the 5 alpha reductase inhibitor, is helpful in monitoring the treatment. 165, 166 As shown in Fig. 21C , nearly all patients have a dramatic initial response to therapy with PSA levels decreasing rapidly in the first six months of treatment. It is important to note that a failure to achieve a PSA nadir less than 4.0 ng mL −1 in patients undergoing chemotherapy has a median survival of one year. The patients with a PSA nadir of less than 0.2 ng mL −1 have a much longer median survival of 6 years. Therefore, the accurate detection of PSA at low levels is not only the key for the early diagnosis and treatment of PCa but also for monitoring the curing process. Though there is enormous technological improvement in the field of PSA detection, a fast and low-cost analytical method which can be employed at the bedside of patients is still of the highest interest for clinicians. Therefore, the development of technologies which can detect the PSA at very low concentrations (fg mL −1 ∼ pg mL −1 ) in a very short time are crucial for the monitoring of PCa treatment. The current reports suggest that the emerging biomarkers may be useful for the screening and prognosis of PCa. Therefore, new biomarkers should be evaluated for more accurate and reliable detection of PCa. The identification and development of novel biomarkers for PCa depends on the development of novel techniques which can detect the biomarker proteins with ultra-low concentrations. Therefore, considering the available biomarker detection technologies and their advantages and disadvantages there is huge scope for the development of novel technologies.
Trends in the clinical diagnostics indicate the necessity of a diagnostic test to be performed near the patient sites. 167 The biomarker detection platforms must therefore be adapted for a point-of-care testing, which requires the ability to design affordable, portable, and user-friendly immunoassay systems. The point-of-care testing immunoassay systems should be capable of rapid and sensitive detection of biomarkers. 168 
Conclusions
The use of PSA as a biomarker has resulted in the early detection of PCa, thus it helps in reducing the mortality due to PCa. However, PCa screening remains controversial, due to over diagnosis, over treatment, and the inability to detect significantly dangerous tumours. Clinicians strongly believe that combining multiple independent biomarkers into a panel would improve the accuracy for detection and staging of PCa. The approach of multiple biomarker detection for PCa would benefit patients by avoiding unnecessary invasive biopsies and staging information will allow decision making for accurate treatment. Therefore, it is necessary to evaluate other biomarkers for diagnosis, prognosis, and treatment follow-up of PCa. Significant progress has been made in technologies for the detection of PCa related biomarkers in recent years. Though, the accuracy and the limit of detection of technologies are well suited for the detection of PSA, they are not directly applicable in the detection of other biomarkers. The ideal diagnostic tool should make it possible for physicians to check a panel of biomarkers when patients get regular checkups, so that the early detection of disease can allow effective treatment. Moreover, the diagnostic platform should be flexible in the sense that it should be readily applicable for the detection of biomarkers with ultra-low concentrations. Thus a diagnostic platform which will allow the detection of biomarkers at ultra-low concentrations can be used for the dual purposes, (i) the development and evaluation of novel biomarkers, and (ii) early detection of cancer and treatment follow-up.
